Light that penetrates scattering media shows nonlinearities that mask the broad and shallow perturbations made by trace analytes on the background illuminantspectrum. Narrow-band spectroscopic decomposition and deconvolution of such weak bands is a formidable analytical task that pushes the fundamentally linear spectroscopic method beyond practical limits. Kromoscopy" is a highdimensional analog of human color perception; it has broad-band spectrally overlapping detectors similar to those of the visual system, but in the infrared. Analyte bands are integrated fully in two or more detectors with different relative weightings. As in colorvision, the analyte information is coded in the direct correlations between detector signals, which individuallyhave higher signal-tonoise ratios than their spectroscopic counterparts. Our Kromoscopic instrument responds directly to glucose in aqueous solution, is not affected by temperature disturbances, and is fast enough to measure physiologically induced Kromoscopicchanges in the arterial pulse waveform with high precision. way the intensity profile of incandescent light varies with wavelength as the light progressesthrough tissue. The three curves shown are for two different tissue thicknesses and two different values of the bulk scattering coefficients of tissue. The broad dip in the curves at 960 nm is due to an absorption band of water, and the smaller dip in the 760-nm range is from deoxyhemoglobin. The dotted curves show the order of magnitude of change expected from the inclusion of 0.6 mol/L (10 g/dL) glucose in the water (lOOx more than the upper limit of normal for glucosein blood; shown here to iilustrate the small effect of glucose in this spectral range). Stated numerically, the 960-nm water absorption band has a maximum absorbance of 200 mA, and the absorbance bands of glucose in this spectral range at clinical concentrations are 400-1000 times smaller.
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The weak absorption of glucose is one of the major complications that has made the noninvasive measurement of glucoseby spectroscopysodifficult in this wavelength range. In addition, there is no magic choice of wavelengths where glucose absorption predominates; rather, the glucose effect is spread throughout the spectral range. In contrast to spectroscopy, Kromoscopic analysis looks at the offset produced by glucose all at once, integrated across the entire range in the different detectors shown in Fig. 1 , and does so with large-area '700 800 900 1000 1100
Wavelength, nm The increasing use by others of principal component and partial least-squares analysis in this high precision limit is not effective, because those methods substitute one inherently linear method for another, when neither is a good enough match to the behavior of the sample itself. The analyte signal levels are not much larger than the noise, and the truncation of the number of principal componentscan too readily discard someof the signal with the noise. time, and person-to-person variations, making the calibration process more reliable and the achievement of a universal calibration more feasible. It also promises independent measurement of glucose in the arterial blood and in peripheral tissue.
ExperIments
In Vitro To test the response of our broadband detectors to glucose, we measured the transmission of a series of glucose solutions in a 4-cm path cell. Each detector signal was normalized first to its value for pure water at the beginning of the experiment. Then, in analogy to tristimulus colorimetry (11), each was divided by the sum of all four signals. Fig. 4 shows one two-dimensional projection of these normalized 4-vectors. Here the normalized D detector signal is plotted against the corresponding C signal. Also included are measurements with pure water in the cuvette as the cuvette temperature changed. The full range of glucose concentration is 0-0.6 mol/L (10 g/dL), and the corresponding range of water temperature offset, 0-0.7#{176}C.
In Kromoscopic analysis this large temperature dependence can be suppressed. If we look at the projection of the water temperature and glucose vectors on a different two-dimensional plane that is normal to the water temperature vector axis, the effects of temperature are minimized. Fig. 5 shows such a projection. Here three-dimensional vectors were formed from the A, C, and D coordinates of the water temperature and the glucose offset vectors. Unit vectors in the averaged direction of the temperature and glucose offsets were calculated and designated T and G, respectively. The axes of a plane perpendicular to the water temperature direction were calculated by G x T and T x G x T. Then the individual data points were projected onto these axes with a vector dot product. As Fig. 5 shows, the glucose data points then cluster nicely along the double However, the breadboard experiment was used only to set the scale of the signals. Knowing that scale, we are preparing a new instrument with better optics, different and better fIlters, a much improved electronic system with lower noise and higher resolution, and well-controlled solution temperature. With these improvements this instrument is expected to achieve at least a 10-fold increase in measurement precision at concentrations below those needed for clinical determinations.
The data in Fig. 4 show that as glucoseis added to the solution the C signal increases and the D signal simultaneously decreases. In contrast, a rising temperature reverses the relative direction of the changes; i.e., the C signal decreases and the D signal increases. Several underlying phenomena may contribute to these changes, such as a loss of solution absorbance due to solvent displacement, a change in the absorption spectrum of water itself due to the presence of glucose, a change in solution temperature, and the intrinsic absorption of glucose itself The difficulty of spectroscopicallyseparating both water displacement and water spectrum changes from the intrinsic glucoseabsorption has limited the availability of spectroscopicdata reliable enough to model the data shown in Fig. 4 . The difficulty arises from the strong spectral overlap and approximately equal scale of these phenomena. Our preliminary analysis has shown that the observed changes in the C and D signals are consistent in magnitude and direction with the expected scale of these effects. This conclusion is based on scaling calculations, which assume that the dominant absorption band of glucose in this wavelength range arises from OH groups on the glucose molecule that have their absorption band chemically shifted by interaction with the local molecular environment from the location of the 200-mA OH band of pure water near 960 nm to -1010 nm. With the additional assumption that no net absorbance is lost in such a chemical shift, the OH molarity of a glucose solution predicts that this shifted band has a magnitude of-i mA at a glucoseconcentration of 0.056 mol/L (1 g/dL) . A somewhat smaller absorption band in the 925-nm range, usually attributed to absorption in a CH-stretch band, was also included in the calculation. The volume displacement of water was estimated from the tabulated density of glucose solutions as 0.61 g of water per gram of added glucose.
Our model calculations show that such a shifted OH absorbance band is sufficient to explain the experimentally observed difference between the C and D signals in Fig. 4 , because of the difference in the detector responses at the shifted and unshifted OH band wavelengths. The C signal increase results from a reduction in absorbance along the beam path as a result of the volume displacement of water by glucose that is not compensated by increased glucose absorption. In the D detector the intrinsic absorption of glucose dominates over the water displacement effect, sothat the sign of the net change is reversed.
The temperature data in Fig. 4 are also consistent with known changes in the spectrum of water. With increasing temperature the 960-nm absorption band of water undergoes a shift of absorbance from a relatively wide zone on the high side of the band center to a narrower zone on the low side of the band (12) . Similar shifts are also observed for the i.45-.&m water band (13, 14) . Our scaling calculations based on the published spectral variations of the 960-nm water band with temperature are in reasonable agreement with both the scale and relative magnitude of the signal changes observed in the C and D detectors in Fig. 4 .
The analysis of the temperature variation in Fig. 4  also illustrates the sensitivity of the overlapping response curves of the C and D detectors to small shifts in the location of a band located near their crossing point. Referring back to the bottom panel of Fig. 1 , note that the C and D detector response curves are approximately symmetric and crossat -960 nm. The effect of temperature on the absorption spectrum of water is due to a redistribution of absorbance about that crossing point, and is likely to arise through a shift in the relative concentrations of at least three spectroscopically distinct water specieswith different hydrogen bonding (13, 14) . The present filters are far from optimal for the detection of glucose in aqueous solution. New detector/fllter sets are being designed to increase the detector response to glucose, and to facilitate the separation of its intrinsic absorption from the effects of solvent displacement and water spectrum shifts by proper selection of the detector bandwidths, crossover points, and crossover slopes. Spectroscopic measurements in the literature provide some guidance, but are not precise enough to allow detailed modeling of the system. We expect that the development of the optimum filter set will proceed empirically through several generations of Kromoscopic detectors.
ExperIments In VIvo Figure 6 showsthe general optical interface we use to implement Kromoscopy for measurements in vivo. A broadband lamp illuminates the finger (sample), and a series of beamsplitters divide the emergent light and direct it to the detectors through the filters. The four detectors are placed congruently relative to each other, i.e., each detector views the same region of the finger through the same solid angle at the same distance from the finger. The purpose of this arrangement is to ensure To assess the limiting factors for in vivo work, we iegan by considering a more accessible analyte, hemat-)crit. The rationale of such a measurement is shown in the top panel of Fig. 7 . This plots the absorption specrum of presumed midrange arterial blood. The small rnmp on this curve centered in the 960-nm range is the ontribution of water in the blood to the aggregate aborbance. Because of the relative size of the absorbances )f hemoglobin and water, this measurement might more tly be described as the determination of how much water there is diluting the hemoglobin, i.e., how much of the small peak there is riding on top of the large one rrom hemoglobin. The bottom panel shows the detector responses.
It is well known that changes of up to 5% are observed n the hematocrit of patients who are dehydrated (15). Due member of our team made measurements of the transmission of his finger periodically through a day in which he severely restricted his water intake, exercised rigorously, and then had a large meal with a great deal )f liquid. Fig. 8 Error bars are SEM differencesfor the numberofheartbeats indicated. and the results showed that we are well on our way towards achieving the required in vivo repeatability.
All these results put the glucose response on-scale. The forthcoming instrumental improvements promise increases in sensitivity and concentration resolution of at least an order of magnitude, which would result in a Kromoscopic instrument suitable for noninvasive measurements in the clinical range of concentration.
Michael W. Misner fabricated the instrument and data analysis system and also conducted the in vivoexperiment on himself.
